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Abstract

AIM: To investigate their expression and activity in the
rat ileum after exposure to ionizing radiation along with
that of the cellular effectors and molecular mediators
involved in the regulation of MMPs.

METHODS: Rats were exposed to a single 10-Gy dose of
X-rays delivered to the abdomen. A combination of methods,
such as zymography, immunohistochemistry and real time
reverse transcriptase-polymerase chain reaction, were
used to localize and quantify MMPs and the molecules
involved in MMP activating and inhibitory pathways (plasmin/
plasminogen, TIMPs), CD8+, as well as inflammatory
(interleukin (IL)-1B, IL-8, tumor necrosis factor-a, TNF-a)
and fibrogenic mediators (transforming growth factor-
B1-3) within ileal tissue at 1, 3, and 7 d after irradiation.

RESULTS: A marked increase in MMP-2 and -14 mRNA
and protein levels associated with an increased activity
of MMP-2 was observed in irradiated ileal tissue. MMP-2
and -14 expression was mainly observed in inflammatory,
epithelial, and mesenchymal cells, whereas a slight
increase in MMP-3 expression was detected in the few
infiltrating macrophages at d 1 after irradiation. Conversely,
MMP-1, -7, and -9 mRNA levels were not found to be
affected by abdominal irradiation. Irradiation was found
to induce disappearance of CD8+ cells. Furthermore, we
have observed that TNF-a and IL-1B protein levels
increased 6 h after irradiation, whereas those of IL-8
only increased after 3 d and was concomitant with
neutrophil infiltration. In addition, the expressions of
molecules involved in MMP activating and inhibitory
pathways (urokinase-type plasminogen activator and

tissue-type plasminogen activator; TIMP-1, TIMP-2, and
plasminogen activator-inhibitor-1) were found to be
increased after abdominal irradiation.

CONCLUSION: This study showed that abdominal irradiation
induces an acute remodeling of the ileum associated with
an increased expression of MMPs and TIMPs that do not
involve CD8+ T cells but involve mesenchymal and epithelial
cells, although to a lesser extent, and probably even soluble
inflammatory and fibrogenic mediators.

© 2005 The WIG Press and Elsevier Inc. All rights reserved.
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INTRODUCTION

Acute intestinal toxicity may occur in response to therapeutic
or accidental exposure to ionizing radiation. At the
histopathological level, it is characterized by a decrease in
the depth of the intestinal crypts and the height of the villi.
It is associated with basement membrane degradation, and
ultimately leads to mucosal bartier breakdown and ulceration.
Classical radiation-induced toxicity symptoms include
diarrhea, malabsorption, and protein losing enteropathy!'l.
Depending on the delivered dose of radiation, a restoration
phase involving desquamation and re-epithelialization may
occur. This requires extracellular matrix (ECM) remodeling,
a process in which proteases and especially matrix metall-
oproteinases (MMPs) play an essential role®?, and which
is associated with the overexpression of inflammatory
and fibrogenic cytokines, such as intetleukin-1p (IL-1p),
tumor necrosis factor-o. (INF-a) and transforming
growth factor-f (TGF-B)P4.

Cell adhesion, migration, proliferation, and differentiation
are required for complete wound healing and rely on interactions
between cells and the ECM. Normal wound-ECM interactions
are therefore essential to wound healing. The rate, quality/
effectiveness, and organization of this process are determined
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by a dynamic balance between overall matrix synthesis,
deposition, and degradation. Disruption of this balance likely
induces abnormal matrix degradation or accumulation.
MMPs are a large family of zinc-dependent matrix degrading
enzymes, involved in the fine tuning of ECM homeostasis.
MMPs ate classified, based on their substrate specificity and
structural features, into six categories: gelatinases (MMP-2 and
-9), stromelysins (MMP-3, -10, and -11), elastases (MMP-12),
collagenases (MMP-1, -8, -13, and -18), matrilysins (MMP-7
and -26) and membrane-type MMPs (MMP-14, -15, -16, and
-17)B. The primaty regulatory mechanism of MMP activity
occurs at the transcriptional level and consists of a variety
of extracellular signals involving cytokines, growth factors,
and cell-matrix interactions®®. MMPs are then sectreted as
zymogens, which require prior proteolytic activation. I vivo
activation of pro-MMPs is mainly mediated through the
plasminogen—plasmin system, but MMPs themselves may
also be involved. The third level of regulation is ensured by
the physiological inhibitors of MMPs, which include tissue
inhibitors of metalloproteinases (TIMPs). Four subtypes of
TIMPs (TIMP 1-4) have been identified so far!l. TIMP-1
inhibits several MMPs, while TIMP-2 seems to specifically
inhibit MMP-2.

Overexpression of MMPs has been known to occur in
both physiological and pathological conditions and to involve
tissue restoration and/or destruction. Many studies reported
that the alteration of ECM remodeling and MMP /TIMP
expression occur in inflammatory bowel diseases™'.
Furthermore, some studies showed that T cells play a central
role in the activation of MMPs in inflammatory bowel
diseases!'>!. However, few studies have examined the role
of MMPs in radiation-induced gastrointestinal disorders.
After intraoperative irradiation, Seifert ez a/['*), observed a
prolonged gelatinolytic activity in rat colonic anastomoses.
Two clinical studies conducted in patients reported controversial
data. Hovdenak e# /") observed increased MMP-2 and
MMP-9 expression after irradiation, while Kumar ez 2/,
did not. In this study, we aimed at confirming that observations
made on gelatinases also applied to other types of MMPs.
We investigated the expression of MMPs after abdominal
X-irradiation and their activating and inhibitory systems
(i.e., plasminogen/plasmin and TIMP-1 and -2). We
simultaneously investigated the stimulatory signals and focused
on the expression of pro-inflanmatory (TNF-o, 11.-1) and
fibrogenic cytokines (TGF-P) in the ileum after irradiation.
Finally, we investigated the involvement of CD8a+T cells
in MMP activation after irradiation. The results presented in
this study show that irradiation induces a moderate inflammatory
state, a significantly increased expression of MMP-2,
MMP-14, TIMP-1, and TIMP-2, and the disappearance
of CD8a+T cells.

MATERIALS AND METHODS

Animals and irradiation conditions

Experiments were performed using male Wistar rats (Janvier,
Le Genest Saint Isle, France), weighing initially between 225
and 250 g. Prior to irradiation, rats were anesthetized by
groups of six with 2.5% isoflurane, administered at a rate
of 0.4 L./min (Abbott, Rungis, France). A protective lead
screen (5 mm thick) was placed over each animal to cover

them from the top of the head to 1 cm below the ribs. The
given dose was 10 Gy at a rate of 0.62 Gy/min (Phillips,
250 MeV, 0.2-mm Cu filter). Sham-irradiated rats were placed
within the apparatus and anesthetized, but were not exposed
to X-rays. Animals were weighed and food intake was
measured 10 d before exposure to radiation and daily during
the week following irradiation. All experiments were conducted
according to the French regulations on animal experimentation
(Ministry of Agriculture, Act No. 87-848, October 19, 1987).

Tissue collection

One, three, and seven days after irradiation, rats were
anesthetized with 2.5% isoflurane and the terminal ileum
was removed before euthanasia (sodium pentobarbitone,
100 mg/kg, ip; Sanofi, La Ballasti¢re, France) and rinsed
with sterile physiological saline. The ileum was cut into three
equal pieces immediately after resection: The tissue samples
were formalin-fixed for histology, frozen in liquid nitrogen,
and crushed into powder for RNA and protein extraction.

Histology

Samples were fixed in 40 g/L formaldehyde (Catlo Erba,
Rueil Malmaison, France) for 3 d at room temperature.
They were then dehydrated, paraffin-embedded, and cut into
4-um-thick sections. Slides were stained with hematoxylin,
eosin, and saffron for histological analysis.

Immunostaining

MMP and TIMP antibodies were purchased from Chemicon
(Euromedex, Mundolshiem, France) and used as follows:
anti-MMP-1 (41-1E5, 1:15 000), anti-MMP-2 (42-5D11,
1:200), anti-MMP-3 (SL-1 II11C4, 1:200), anti-MMP-7 (ID-2,
1:300), anti-MMP-14 (113-5B7, 1:500), anti-TIMP-1
(102B1, 1:50), and anti-TIMP-2 (67-4H11, 1:1 000). The
anti-myeloperoxidase antibody was from Novocastra (T¢ébu,
Le Perray en Yvelines, France; NCL MYELOp, 1:300) and
the anti-CD8a antibody was from Cedarlane (Tébu; CLO04AP,
1:600).

Following deparaffinization and rehydration, endogenous
peroxidase activity was inhibited with 30 mL/L hydrogen
peroxide in PBS. In order to detect MMP-3, MMP-7, and
CD8a epitopes, sections were placed in 0.01 mol/L hot
citrate buffer (pH 6.0). The protein block serum-free blocking
solution (Dako, Trappes, France) was used to inhibit non-
specific staining. Primary antibodies were diluted in antibody
diluent (Dako). Antibodies against MMP-1, MMP-2, and
TIMP-1 were detected using the LSAB2-HRP system
(Dako), whereas antibodies against CD8a, MMP-3, MMP-7,
MMP-14, and TIMP-2 were detected using the StrepABC-
HRP system (Dako) for myeloperoxidase. Immunostaining
was performed using the Vector NovaRED substrate kit
for peroxidase (Biovalley, Conches, France, for Vector
Laboratories, USA). Sections wete counterstained with
differentiated Mayer’s Hemalum (Merck for VWR,
Fontenay-sous-bois, France). Slides were rinsed between each
stage with Tris HCl-NaCl-Tween (50 mmol/L, 0.3 mol/L,
1 g/L). Control staining, without the ptimary antibody and
using an irrelevant mouse IgG, was performed concomitantly
with each immunostaining to ensure staining specificity. A
semiquantitative analysis of MMP-2, MMP-3, MMP-14,
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TIMP-1, and TIMP-2 expression was performed. Mean
staining intensity scores, which reflected staining intensity in
the epithelium, lamina propria, submucosa, blood vessels,
and muscularis propria, were attributed. The following
scoring system was used: no staining (-); weak staining
intensity (+); moderate staining intensity (++); strong staining
intensity (+++); and very strong staining intensity (++++).

Gelatin zymography

Crushed tissue samples were homogenized in 50 mmol/L
Tris-HCI buffer (pH 7.6) containing 150 mmol/L NaCl,
10 mmol/L CaCl,, 10 g/L Triton X-100, and protease
inhibitors (Sigma-reverse Aldrich, St. Quentin Fallavier, France).
Protein concentration was determined using the Lowry
method.

Zymogtaphy was performed as previously described!®.
Briefly, samples (4 pg protein) and MMP-2/9 standatds
(CCO73 Chemicon, Euromedex, Mundolsheim, France) wete
separated by electrophoresis on 80 g/I. SDS-polyactylamide
gels copolymerized with 1 g/L gelatin (Type A from porcine
skin; Sigma-Aldrich, St. Quentin Fallavier, France). Gels
were washed in 25 g/I Triton X-100, incubated in a buffer
containing 50 mmol/L Tris—HCI (pH 7.8), 5 mmol/L
CaCl, 2H,0, 50 mmol/I. NaCl, 0.1 g/L Btij 35, and 0.2 g/ L.
NaN; at 37 C, stained with 5 g/1. Coomassie blue in
250 mL/L isopropanol/100 mL/L acetic acid, and destained
in 2 100 mL/L methanol/100 mL/L acetic acid solution.
Gelatinolytic bands appeared as clear zones against the blue
background. Gelatinases were identified by their molecular
weight and after inhibition using 20 mmol/L EDTA or
1 mmol/L o-phenanthroline. Densitometric analyses were
performed using an imaging workstation (Biocom, Les Ulis,
France) interfaced with the Phoretix image analysis software
(Nonlinear Dynamics, Newcastle upon Tyne, UK).

RNA extraction and quantitative RT-PCR

Total RNA was extracted from crushed tissue samples by
homogenization in 4 mol/L guanidine isothiocyanate,
purified using the method of Chomczynski and Sacchi and
quantified by spectrophotometry (Asq/ Azs). RNA was
treated with RNase-free DNase (0.5 U/uL) to remove
contaminating genomic DNA. RNA integrity was assessed
by denaturing agarose-gel electrophoresis and staining with
ethidium bromide.

Real-time reverse transcriptase-polymerase chain reaction
(RT-PCR) was used to quantify the levels of MMP-2, -9, -14,
TIMP-1, -2, plasminogen, urokinase-type plasminogen
activator (u-PA), tissue-type plasminogen activator (t-PA),
plasminogen activator-inhibitor-1 (PAI-1), IL.-8, TGF-B1,
TGF-B2, and TGF-3 RNA transcripts as previously
desctibed”. Primers wete generated with the Primer Express
software (Applied Biosystems, Courtaboeuf, France) and
putrchased from Invitrogen (Cergy-Pontoise, France): MMP-
2 5-ACCGTCGCCCATCATCAA-3’ (forward), 5-
CCTTCAGCACAAAGAGGTTGC-3’ (reverse); MMP-9 5°-
TGTCCAGACCAAGGGTACAGC-3’ (forward), 5’-
GAAGAATGATCTAAGCCCAGCG-3’ (reverse); MMP-
14 5>-GAGGGTCATGAGAAGCAGGC-3’ (forward), 5-
TCAAAGGGTGTGCTGTCGC-3’ (reverse); TIMP-1 5’-
AGAAGGGCTACCAGAGCGATC-3’ (forwatd), 5’-

ATCGAGACCCCAAGGTATTGC-3 (reverse); TIMP-2
5-CTACATCTCCTCCCCGGATGA-3’ (forward), 5’-
GGTGCCCATTGATGCTCTTC-3’ (reverse); plasminogen
5-CTGAGTATCTAAACAACAGAGTCAAATCC-3
(forward), 5’-TCGAAGCAAACCAGAGGTCC-3’ (reverse);
PAI-1 5-ATGGCTCAGAACAACAAGTTCAAC-3’
(forward), 5’-CAGTTCCAGGATGTCGTACTCG-3’
(reverse); t-PA 5>-GACGTGAAGCCCTGGTGC-3
(forward), 5’-CAAGCCGGCGTGCTG-3’ (reverse); u-PA
5-GTTTGAGGTGGAGCAGCTCAT-3’ (forward), 5-
GCTATGTCATTATGGAAGGCCAG-3’ (reverse); TNF-au
5-ATCCGAGATGTGGAACTGGC-3’ (forward), 5-
CGATCACCCCGAAGTTCAGTA-3’ (reverse); TGF-B1
5-AGTCCCAAACGTCGAGGTGA-3’ (forward), 5’-
CCATGAGGAGCAGGAAGGG-3’ (reverse); TGF-B2 5°-
TGCTGAGAACCTTTTTGCTCC-3’ (forward), 5’-
GTCGAGGGTGCTGCAGGTA-3’ (reverse); TGF-B3 5’-
CAAGCAGCGCTACATAGGTGG-3’ (forward), 5’-
CAGTGACATCGAAGGACAGCC-3’ (reverse); 11.-8 5-
GACTGTTGTGGCCCGTGAG-3’ (forward), 5’-
CCGTCAAGCTCTGGATGTTCT-3’ (teverse), and IL-1B
5-CAACAAAAATGCCTCGTGC-3’ (forward), 5’-
TGCTGATGTACCAGTTGGG-3’ (reverse).

Cytokineimmunoassays

Crushed tissue was weighed and homogenized in 10 mmol/L
phosphate buffer (pH 7.4) supplemented with protease
inhibitors, such as 2 mmol/L PMSF, 10 pg/mL pepstatin
A, 1 pg/mL aprotinin, 10 pg/mL leupeptin, and 0.5 mg/mL
EDTA (Sigma-Aldrich, St. Quentin Fallavier, France). Protein
concentration was measured using a modified version of
the Bradford method (Bio-Rad Laboratories, Marne-la-
Coquette, France). Concentration of IL-1f and TNF-a
was determined by ELISA (R&D Systems, Minneapolis,
MN, USA). All data were expressed in picogram per milligram
of protein.

Statistical analysis

Each real-time RT-PCR and cytokine immunoassay were
done in six animals and results were expressed as meantSE.
The ANOVA and Student-Newman-Keuls test were used
to determine whether the difference between the values
obtained with the control group and the irradiated group
was statistically significant. P value <0.05 was considered
statistically significant.

RESULTS

Abdominal X-irradiation (10-Gy) induced the inhibition of
food intake and decrease in body weight. Diarrhea was
observed between d 3 and 5 after irradiation.

Alteration of structure of ileal tissue by a single 10-Gy dose of
X-rays

Histopathological changes after irradiation are shown in
Figure 1. No significant histological changes were seen 24 h
after irradiation, whereas a marked alteration of the intestinal
mucosa was observed 3 d after irradiation. A significant
decrease in the thickness of the mucosa (-15%, P<0.01), the
sloughing of epithelial cells at the top of the villi, associated
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A B

Figure 1 Histopathological study in ilea after X-irradiation with a single dose of
10 Gy. lleal structure before (A) and one (B), three (C) and seven (D) days after
abdominal X-irradiation. Magnification x100.

with an atrophy of the villi, dilation of the crypts, and absence
of mucus secretion were observed. Muscle layers, on the other
hand, appeared normal. Seven days after irradiation, the ileal
epithelium seemed to be regenerated. We observed a significant
increase in the thickness of the mucosa of irradiated mice
compared to controls (+14%, P<0.01), with an increase in the
number of epithelial cells located in the villi. Some crypts were
still dilated at this time.
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Figure 2 Gelatinases activities in ilea after X-irradiation with a single dose of 10
Gy. A: Study of gelatinases activities by zymography. Lane STD shows MMP-
2 and MMP-9 standards, lane 2-4, 5-7; 8-10; 11-13 shows gelatinase activities
in ilea from control rats (C) and one (D1), three (D3) and seven (D7) days after
X-irradiation respectively; B: Densitometric analysis of zymography. Results

D3

Increase in the expression and activity of gelatinase Aby a
single 10-Gy dose of X-rays
Gelatin zymography allowed the detection of both active
and pro-forms of gelatinases (Figure 2A). Equal amounts
of pro- (72 ku) and active (62 ku) MMP-2 were detected
in control ileal tissues (Figure 2B). The pro-MMP-2 band
significantly increased from d 1-7 (X3.8 on d 1; X5.0 on
d 3; X4.0 ond 7, all P<0.01) after irradiation. Induction
of active MMP-2 peaked on d 1 (X2.9, P<0.01) and
was still higher than control values on d 3 (X1.5,
P<0.05) and 7 (X1.8, P<0.01). We observed a weak
gelatinolytic band with a molecular weight, which
corresponded to that of pro-MMP-9, but as it was not
inhibited by EDTA, it could not be attributed to
MMP-9. The high molecular weight bands (125 and
200-220 ku) were, on the other hand, completely
inhibited by EDTA and phenanthroline. These
gelatinolytic activities, which might have MMP-9 dimers
or an MMP-9-lipocalin complex, were equivalent on d
1 and 7 after irradiation, but weaker on d 3 (Figure 2B).
Irradiation-induced transcriptional activation of
MMP-2 was confirmed by real-time RT-PCR. MMP-9
mRNA levels, however, were not significantly altered
(Figure 2C). Since MMP-14 is involved in the activation
of MMP-2, we studied the alterations in MMP-14
mRNA levels. We found that MMP-14 was induced 3
and 7 d after irradiation (Figure 2C).

Tissue localization of gelatinase A and other MMPs after
X-irradiation with a single dose of 10 Gy
Immunohistochemistry was used to investigate the cell
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are mean=SE, significantly different from controls: 2P<0.05, °P<0.01 vs others.
Cy3: Analysis of MMP-2, MMP-9 and MMP-14 gene expression. mRNA levels
were measured by real time RT-PCR in control ilea from control rats (C) or one
(D1), three (D3) and seven (D7) days after X-irradiation respectively. Results
are meanxSE, significantly different from controls: 2P<0.05, ®P<0.01 vs others.
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types that expressed gelatinase after irradiation. A weak
MMP-2 staining restricted to the pericryptal sheath
myofibroblasts, inflammatory cells, and smooth muscle cells
was observed in the control ileal tissues (Figures 3A and
B). A significant transmural increase in MMP-2 staining
was, however, found on d 1 after irradiation in smooth
muscle and epithelial cells, and on d 3 in smooth muscle
cells, epithelial cells of the villi, and in pericryptal sheath
myofibroblasts. MMP-2 staining decreased ond 7.

MMP-2

MMP-14

MMP-3

«—p» Neutrophil polynuclear

Large mononuclear
macrophage-like cell

— Epithelial cell
— Myofibroblast
---% Muscular cell
—> Lamina propria cell

In control samples, MMP-14 staining was observed in
epithelial cells at the top of the villi, inflaimmatory cells in
the lamina propria, and smooth muscle cells. As for mRNA,
in irradiated samples, MMP-14 staining was unchanged on
d 1, but had increased on d 3 and had spread to the whole
tissue. On d 7, however, MMP-14 staining in irradiated and
control samples was equivalent except in epithelial cells at
the top of the villi, which exhibited weak MMP-14 staining
(Figures 3A and B).

D
C D1 D3 D7
MMP-1 + + + +
MMP-2 + +++ ++++ +/++
MMP-3 - + - -
MMP-7 +++ +++ +++ +++
MVP-14 + +H++ H/H+ A+

Figure 3 Tissue localization of gelatinase A and other MMPs in ilea after X-irradiation with a single dose of 10 Gy. A;: MMP-2, MMP-14 and MMP-3 immunostaining.
In control ilea, MMP-2 staining was observed in the pericryptal myofibroblast sheath, inflammatory cells and smooth muscle cells (As, x100). On day one and three
(Az; As, x100), increased MMP-2 staining was found in all of the layer of the bowel particularly in smooth muscle cells and in epithelial cells. On day seven (As, x100)
MMP-2 staining was weaker and found in smooth muscle cells, epithelial cells of the villus only and pericryptal myofibroblast sheath. In control ilea, MMP-14 staining
was observed in the inflammatory cells of the lamina propria, smooth muscle cells and some epithelial cells of the top of the villi (B4, x100). No significant modification
in MMP-14 staining was found in irradiated ilea on day one (B,; x100), whereas on day three MMP-14 staining spread to the whole tissue (Bs, x100). On day seven
(B4, x100), MMP-14 staining return to control level except in the epithelial cells of the top of the villus. In control ilea, no MMP-3 staining was observed (C4, x400), but
a staining was observed in mononuclear infiltrated cells day one after X-irradiation (C,, x400); D: MMPs immunostaining scoring. (-) represent no staining, (+) weak

staining, (++) moderate staining, (+++) important and (++++) strong staining.
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Furthermore, we focused on the expression and
immunolocalization of MMP-1, -3, and -7. MMP-1 and -7
were found to be expressed in control ileal tissue, and no
changes were observed after irradiation (Figure 3B). MMP-3
was not detected in control samples, but staining was observed
at d 1 in some infiltrating mononuclear cells, which were
motphologically similar to macrophages (Figures 3A and B).

Disappearance of CD8+T lymphocytes from the ileum after X-
irradiation with a single dose of 10 Gy

To investigate whether T cells could be involved in MMP
activation after X-irradiation, a subset of peripheral T cells, the
majotity of natural killer (NK) cells, and granular intraepithelial
leukocytes of the small intestine were stained with an
antibody directed against an antigen present on the surface
of thymocytes. This antigen is the rat homolog of the human
CDS8. Figure 4 shows that X-irradiation of the abdomen
with a dose of 10 Gy caused a matked decrease in the number
of CD8+ cells as carly as 1 d after exposure, which was
also observed on d 3 and 7.

Increase in the number of polynuclear neutrophils and
expression of inflammatory and fibrogenic factors after
irradiation with a single dose of 10 Gy
Neutrophil infiltration after abdominal X-irradiation was
quantified based on myeloperoxidase staining. While we
observed a slight increase in myeloperoxidase staining at
d 1 and 3 after irradiation, the number of positive cells
returned to control values at d 7 (Figure 5A).

Pro-inflammatory cytokines and fibrogenic growth
factors are potent inducers of MMPs expression and activity.
Thus, expressions of TNF-a, IL-1f, IL-8, and TGF-f31,
-2, and -3 were assessed after X-irradiation. Tissue concentration
of pro-inflammatory cytokines TNF-o and IL-1f significantly
increased 6 h after irradiation (2.3-fold and 2.3-fold,
respectively, P<0.01) as shown in Figure 5B. This early
increase was followed by an increase in I1L-8 at d 3 (6.4-
fold, P<0.01) as shown in Figure 5B.

TGF-B1 and -3 mRNA levels increased 3 d after

Figure 4 CD8a positive T cells after X-irradiation with a single dose of 10 Gy.
Immunostaining for CD8a positive cells in control ilea (A) and one (B), three (C)
and seven (D) days after X-irradiation. Magnification x100.

irradiation (2.5-fold and 1.5-fold, respectively, P<0.01).
Furthermore, an increase in TGF-B1 and -3 mRNA levels
was also seen on d 7 (2.8-fold, P<0.01; and 1.6-fold,
P<0.05, respectively). TGF-f2 mRNA level, on the other
hand, increased at d 1 and remained significantly high
thereafter (2.1-fold on d 1, 3.2-fold on d 3, and 1.8 fold on
d 7, all P<0.01) as shown in Figure 5C.

Expression of MMP activating factors after X-irradiation with
a single dose of 10 Gy

Because the plasminogen system is known to regulate MMP
activation, we investigated variations in the mRNA levels
of plasminogen, t-PA, u-PA, and PAI-1 after irradiation
(Figure 6). Irradiation induced a significant decrease in
plasminogen mRNA level on d 7, and a marked increase in
u-PA (6.1-fold, P<0.01), t-PA (21-fold, P<0.01), and PAI-1
(19-fold, P<0.01) on d 3, which was also observed on d 7.

Expression of gelatinase inhibitors after X-irradiation with a
single dose of 10 Gy

We investigated TIMP-1 and -2 expression, i.e., intensity
and localization, in the sections of X-irradiated rat ileum.
In control ileal tissue, a moderate TIMP-1 staining was
observed in only a few epithelial cells, in inflammatory
cells in the lamina propria, and in smooth muscle cells
(Figure 7A). TIMP-1 staining increased in all of the layers
of the bowel 1 d after irradiation; the most intense
staining was observed in epithelial cells. Staining
intensity peaked on d 3 after irradiation (Figure 7A). TIMP-
1 expression pattern after irradiation was confirmed by the
analysis of mRNA level (Figure 7A).

A weak TIMP-2 staining was observed in control ileal
tissues (Figure 7B). A slight increase in TIMP-2 staining
intensity was observed in epithelial, inflammatory, and
smooth muscle cells 1 d after irradiation and could still be
observed ond 3 and 7 (Figure 7B). This increase in TIMP-2
mRNA level only reached significance 3 d after irradiation
(fourfold increase, P<0.01, Figure 7B).

DISCUSSION

In this study, we have shown that abdominal X-irradiation
with a dose of 10 Gy simultaneously enhances synthesis and
activity of MMP-2 and -14. This enhancement is concomitant
with an induction of pro-inflammatory cytokines, fibrogenic
growth factors, and plasminogen system, which suggests
that a complex interplay of factors actually controls radiation-
induced activation of MMPs in the intestine. Inhibitory
pathways are simultaneously activated as the expression of
TIMP-1 and -2 increases, which is suggestive of an irradiation-
induced alteration of ECM remodeling. Finally, we observed
adecrease in the number of T cells after abdominal irradiation.
Our data on radiation-induced induction of gelatinase are
in agreement with a previous report by Seifett ez a/!", who
observed a prolonged gelatinolytic activity in rat colonic
anastomoses after intraoperative irradiation. Our results
concerning the absence of T cells during radiation-induced
ECM remodeling, however, markedly differ from those
obtained in models of inflammatory bowel diseases. Our
study shows that T lymphocytes are not directly involved in
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radiation-induced mucosal injuries, suggesting that radiation-
induced mucosal breakdown may be promoted by specific
cellular pathways and specific molecular signals, which have
been investigated further in this study.

Direct evidence of an important T' cell-mediated process
in the pathogenesis of mucosal lesions has been shown in
in vivo and ex vivo models, in which T cells are activated by
pokeweed mitogen or anti-CD3 and IL-12 in explants of
human fetal intestine. In these models, a severe tissue injury
occurs following a massive increase in MMP synthesis (mainly
MMP-3 and -9). De Winter ¢f a/?2, provided evidence of a
cross-talk between lymphocytes and epithelial cells 7z vivo.
This cross-talk is mediated through cytokines that are locally
produced by epithelial cells, which regulate immune
responses in the intestine. Using the MRC OXS8 antibody,
specific for T cytotoxic/suppressor cells, granular
intraepithelial leukocytes, and NK cells™), we sought to
determine whether T cells were present in the ileal wall. We
observed that CD8+ staining completely disappeared 24 h
after irradiation, possibly due to radiation-induced apoptosis.
Specific target cells are activated after abdominal irradiation,
and neutrophils, epithelial, and mesenchymal cells are
responsible for the increased expression of MMPs.

Molecular mediators potentially involved in this
radiation-induced enhancement of MMP expression
were therefore investigated. We focused on the pro-
inflammatory cytokines IL-1P and TNF-a as they are
seemingly the mediators that are most frequently reported
to be involved in bowel inflammatory diseases®". In
agreement with a previous study, levels of IL.-f1 and
TNF-a increased as soon as 6 h after irradiation, and
were returned to control values on d 1, 3, and 7 after
irradiation (data not shown). The eatly increase in IL-p1
and TNF-a may be due to radiation-induced mast-cell
degranulation™). This increase likely promotes IL-8
induction, leading to leukocyte recruitment and
granulocyte infiltration. The radiation-induced
inflammatory status, however, appeatred to be moderate
(twofold increase in TNF-a and IL-f1 protein levels)® in
compatrison to what was reported in Crohn’s disease by
Louis ez al™, (10- and 8-fold inctease, respectively). This
weak inflammatory status may account for the weak
MMP-3 stimulation observed in the irradiated ileum. This
hypothesis is supported by Mengshol ez a/”, who reported
that high levels of pro-inflammatory cytokines are
required to stimulate MMP-3 secretion by subepithelial
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Figure 5 Radiation-induced inflammation. A: Myeloperoxidase positive cells in X-irradiated ilea. Immunostaining for myeloperoxidase positive cells in control ilea
(A7) and one (A,), three (As) and seven (A4) days after X-irradiation respectively. Magnification x 400; B1.;: Concentration of TNF-o. and IL-1f six hours, and IL-8 mRNA
level one to seven days, after X-irradiation with a single dose of 10 Gy. Results are mean+SE, significantly different from controls: 2P<0.05, ®P<0.01 vs others; C+.3: TGF-
B1, B2 and B3 mRNA level after X-irradiation with a single dose of 10 Gy. Gene expression of TGF-B1, TGF-B2 and TGF-B3, was determined by real-time RT-
PCR in control ilea (C) one (D1), three (D3) and seven (D7) days after X-irradiation respectively. Results are mean+SE, significantly different from controls: 2P<0.05, °P
<0.01 vs others.
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Figure 6 Plasminogen, U-PA, t-PA and PAI-1 mRNA level after X-irradiation
with a single dose of 10 Gy. Gene expressions of plasminogen, U-PA, t-PA and
PAI-1 were determined by real-time RT-PCR measured in control ilea (C) and
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Figure 7 TIMP expression after X-irradiation with a single dose of 10 Gy. A: In
control ilea, TIMP-1 staining was observed in the inflammatory cells of the
lamina propria, smooth muscle cells and some rare epithelial cells of the crypt
and of the top of the villus (A, x100). On day one (A, x100), TIMP-1 staining
was found in all layers of the bowel and particularly in epithelial cells and in
smooth muscle cells . On day three (A;, x100), the staining spread to the whole
tissue. On day seven (A4, x100), TIMP-1 staining was found in smooth muscle
cells, epithelial cells of the villus only , in pericryptal myofibroblast sheath and in
inflammatory cells of the lamina propria. Gene expression of TIMP-1, determined
by real-time RT-PCR was measured in control ilea (C) one (D1), three (D3) and
seven (D7) days after X-irradiation respectively. Results are mean+SE, significantly
different from controls: 2P<0.05, ®P<0.01. B: In control ilea, weak TIMP-2 staining
was observed in smooth muscle cells (B, x100). On day one (B, x100) and
day three (Bs, x100) after X-irradiation, a slight TIMP-2 increase was found in
smooth muscle cells, in epithelial cells and in inflammatory cells of the lamina
propria. On day seven (B4, x100),(C,D) TIMP-2 staining was observed in

epithelial cells on the top of the villus, inflammatory cells of the lamina
propria. Gene expression of TIMP-2, determined by real-time RT-PCR was
measured in control ilea (C) one (D1), three (D3) and seven (D7) days after
X-irradiation respectively. Results are mean+SE, significantly different from
controls: P<0.05, °P<0.01 vs others.
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myofibroblasts 7z vitre. Fibrogenic growth factors, such as
TGF-f, ate also involved in the regulation of cell
proliferation, inflammation, immune response, and ECM
deposition, which are important parts of the healing process
B2 Furthermorte, previous studies have suggested that all
three TGF-P isoforms are overexpressed during the eatly
phase of radiation-induced injuty, while TGF-B1 appears
to be predominant in the late phase®?". In this study, we
observed an eatly peak of TGF-B2 induction at d 1, while
the other two isoforms (TGF-f1 and TGF-B3) were
overexpressed after 3 d, at the onset of the restoration phase.
We also observed that induction of MMP-2 mRNA synthesis
was concomitant with that of the two TGF-f3 isoform:s.
The modulation of MMP-2 expression by TGF-f has
already been reported in other modelsP'*?, and the present
results likewise support the hypothesis that the TGF-f3 family
is involved in the regulation of MMP-2 expression after
radiation-induced injury.

We investigated the plasminogen-plasmin system, an
another activating pathway that is known to regulate MMP
activity®. This system is a key regulator of fibrinolysis and
ECM degradation?”. Generation of plasmin from plasminogen
is regulated by complex interactions between various activators
and inhibitors. Classically, plasminogen is known to be
activated by u-PA and t-PA. In this study, both u-PA and t-
PA were found to be overexpressed 1 d after irradiation,
suggesting that the plasmin system is acutely activated after
abdominal irradiation. These results are in accordance with
the previous reportsP** that showed an increase in the
fibrinolytic activity in the intestinal mucosa after irradiation.
At d 3 and 7, however, the increased expressions of u-PA
and t-PA were associated to an increased expression of the
inhibitor PAI-1, which may limit plasminogen activation.

Furthermore, we studied the expression of TIMP-1 and
TIMP-2, the physiological inhibitors of MMPs. The
involvement of TIMPs in inflammatory bowel diseases is
still controversial. Heuschkel e# 21" have shown that
MMP-3 is overexpressed while TIMP-1 is not. von Lampe
et alP’ observed an increase in the level of TIMP-1 mRNA
and no modification of the level of TIMP-2 mRNA,
suggesting a net increase in the proteolytic activity in inflamed
mucosa. Our observations seem consistent with these data
obtained in human beings. Induction of TIMP-1 was observed
after 1, 3, and 7 d of irradiation, whereas an upregulation
of TIMP-2 was seen on d 3 after irradiation. MMP induction
rates, however, significantly exceeded TIMP-1 induction.
TIMP-2 has been reported to have a bimodal function and to
promote activation of MMP-2 when associated with molecules,
such as pro-MMP-2 and MMP-14, into large molecular
complexesP®. In this case, synthesis of MMP-14 seems to
be the major rate-limiting factor of MMP-2 activation™.
In this study, expression of both MMP-14 and TIMP-2 was
increased after irradiation. Furthermore, MMP-14/TIMP-2
and MMP-2/TIMP-2 mRNA ratios suggested that activation
of pro-MMP-2 must have occurred, since a marked increase
in the level of active MMP-2 was observed at d 1 after
exposure.

In conclusion, the molecular cascades induced by ionizing
radiation are complex and are likely to involve more
molecules than those studied here. These observations,

however, bring new insights on radiation-induced ECM
remodeling in the intestine. The fact that CD8a+ cells disappeat
after abdominal irradiation suggests that specific cellular
effectors are involved in radiation-induced activation of
MMPs.
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